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Abstract: Pediatric stroke is an important cause of mortality and morbidity in children. There
is a paucity of clinical trials pertaining to pediatric stroke management, and solidified universal
guidelines are not established for children the way they are for the adult population. Diagnosis of
pediatric stroke can be challenging, and it is often delayed or mischaracterized, which can result in
worse outcomes. Understanding risks and appropriate therapy is paramount to improving care.
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1. Introduction

Stroke is a neurologic injury often associated with significant mortality and morbidity.
The underlying mechanism is most frequently due to occluded cerebral blood vessels,
i.e., ischemic stroke; however, hemorrhagic stroke is an important etiology [1]. Although
the incidence of stroke is more pronounced in the adult population, largely due to the
cumulative effects of hypertension, diabetes and atherosclerosis, pediatric stroke can result
in death or severe disability, diminishing the quality of life and subsequently imposing
serious socioeconomic consequences [1]. The incidence of pediatric stroke is approximately
1.2 to 13 cases per 100,000 children under 18, but due to potential misdiagnoses or a lack of
clinical suspicion and workup, these estimates are likely low [1–3]. The high-cost burden
to the patient and healthcare system warrants greater attention and investigation into the
causes and outcomes of pediatric stroke; this review attempts to provide an overview of
diagnosis and management strategies for this pathology.

2. Etiology and Epidemiology of Ischemic Stroke

Pediatric arterial ischemic stroke (AIS), a significant source of pediatric neurologic
morbidity, can lead to numerous debilitating consequences: sensorimotor deficits, behav-
ioral problems, intellectual disability, language impairment, and epilepsy [4]. Pediatric AIS
is classified by age, as perinatal AIS broadly encompasses 20 weeks of fetal life through
day-of-life 28. Perinatal AIS is further classified by the timing of presentation. Childhood
AIS encompasses the first month of life and beyond [4]. Additionally, diagnosing AIS in
children is frequently delayed [5,6]. Therefore, understanding and identifying risk factors
and at-risk populations is vital in improving the diagnosis and management of AIS.

The risk of pediatric AIS maintains an interesting trend, as children under one year
of age maintain the highest risk, with a dramatic decline after one year. This risk remains
low through mid-adolescence, at which time risk begins to increase [7]. Additionally, black
children have been reported to maintain an increased risk of AIS when compared to white
children, and this discrepancy persists after controlling for sickle cell disease [7,8]. Male sex
is also reported to be associated with a higher incidence of both childhood and perinatal
AIS, and this discrepancy persists after controlling for trauma [7,8].

In 2014, Lehman and Rivkin compiled a list of risk factors among perinatal AIS.
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Perinatal AIS often manifests due to pregnancy-related risk factors, including hyper-
coagulability and complex circulation interactions. Table 1 illustrates an adapted version of
these risks [9]. Congenital heart disease and arteriopathies present in the infant remain risk
factors during both the perinatal stage and beyond the first year of life [4,9]. Thrombophilia
in both mother and child remains a risk factor during pregnancy and after pregnancy in
childhood AIS [4,9]. These risk factors will be discussed subsequently in the setting of
childhood AIS.

Table 1. Various risk factors for perinatal AIS.

Maternal Fetal Placental

Infertility Hypoglycemia Chorioamnionitis

PROM Perinatal asphyxia Placental infarcts

Pre-eclampsia Infection Weight < 10th percentile

Smoking Resuscitation efforts

IUGR 5-min APGAR <7

Infection

Maternal Fever

There are numerous risk factors for AIS in children, and an overview of these causes
is outlined in Table 2 [4]. By definition, pediatric AIS is an acute neurological deficit in
a child aged 29 days to 18 years with radiographic evidence of cerebral parenchymal
infarction in a known arterial territory that corresponds to their clinical symptoms [10].
The Childhood AIS Standardized Classification and Diagnostic Evaluation (CASCADE)
criteria are used to categorize strokes according to the underlying causes [10,11], and
arteriopathies are recognized as the most significant risk for childhood AIS [11]. These
blood vessel abnormalities can be chronic or acute/transient changes, and they regularly
appear on vascular imaging [12,13]. Underlying, inborn or acquired etiologic causes of
AIS, such as cardiac disease, metabolic disturbances, thrombophilia and rheumatologic
diseases such as systemic lupus erythematosus, may or may not present with vascular
imaging changes [12,13]. Focal cerebral arteriopathy (FCA) is a descriptive, catch-all term
used to broadly describe transient cerebral arteriopathy (TCA) and other arteriopathies
that meet the CASCADE designation of AIS [10]. TCA manifests as a focal stenosis or
segmental vessel wall narrowing most often in the distal internal carotid artery, proximal
middle cerebral artery and circle of Willis [14]. These angiographic findings are more
common in children with abnormal lipid profiles and familial cardiovascular disease [15].
The literature suggests associations between TCA and varicella infections [16], acute herpes
virus infections [17] and other upper respiratory infections [18], though the impact of the
inflammatory pathways in TCAs remains to be fully understood.

There are other, rare causes of pediatric AIS that warrant discussion, including stroke
secondary to genetic disorders such as pseudoxanthoma elasticum [19]. Pseudoxanthoma
elasticum is a rare genetic disorder that affects elastic fibers in the skin, eyes, gastrointestinal
tract and the walls of blood vessels. The most common symptoms for children with
pseudoxanthoma elasticum are retinal and vascular lesions or skin papules; however,
though infrequent, cerebrovascular infarcts have been reported and can result in severe
neurologic impairment and death [19].

Cardiac disease represents another significant risk factor among pediatric AIS, present
in up to 30% of AIS cases [12,20]. Acquired and congenital heart diseases resulted in a
16.1-fold increased risk of AIS when compared to the general pediatric population in a study
utilizing the Intermountain Pediatric Stroke Database, with single ventricle pathologies
being among the highest risk [21]. Additionally, children with cardiac etiologies of AIS
present at an earlier age [22,23]. Recurrent AIS among this patient population is also a
concern, as one study reports that 27% of patients with cardiac causes of AIS have another
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event within 10 years. Recurrent AIS is associated with mechanical valves, thrombophilia,
anticoagulation treatment and acute infection [24]. In terms of patent foramen ovale (PFO),
pediatric AIS may be a result of embolization due to the right-to-left atrial shunt, though
a definitive causation linking PFO with AIS is not established [25]. Claiming PFO as the
cause of AIS is based on exclusion after thoroughly ruling out all other etiologies, and PFO
closure should be considered on an individual basis [25].

Table 2. Various risk factors for childhood AIS.

Arteriopathies FCA, TCA Craniocervical
arterial dissection

Fibromuscular
dysplasia

Moyamoya
disease

Primary CNS
angiitis

Cardiac Disease Congenital heart
disease Cardiomyopathy Arrhythmia Catheterization,

Surgery ECMO

Inherited
Thrombophilia

Protein C, S,
Antithrombin

deficiency
Factor V Leiden Prothrombin

G20210A MTHFR C677T Lipoprotein A
elevation

Acquired
Thrombophilia

Antiphospholipid
syndrome Drug-induced

Inborn Errors of
Metabolism Mitochondrial disease Fabry Disease

Rheumatologic
Disease

Systemic lupus
erythematosus Systemic vasculitis

Other Sickle Cell Disease Malignancy Congenital vascular
syndromes

Malignancy, sickle cell disease (SCD) and thrombophilia remain other prominent risk
factors among pediatric AIS. The risk of AIS among patients with SCD was dramatically
reduced following the 1998 STOP trial, illustrating an effective prevention with chronic
transfusion therapy and dramatically reducing AIS in this population where resources
are available [26]. Transcranial Doppler, where available, is also an effective screening
modality [27]. In some studies, thrombophilia has been observed in up to 50% of pediatric
AIS cases [28,29]. An association between thrombophilia and AIS has been established
in the following biomarkers: protein C deficiency, factor V G1691A, factor II G20210A,
MTHFR C677T, elevated lipoprotein A and antiphospholipid antibodies [30].

Presentation, Symptomatology and Management

Challenges arise when it comes to pediatric stroke diagnosis, in part due to a lack of
clinical suspicion because of the diverse and non-pathognomonic presentation. Classically,
stroke in adults presents with many universally recognized signs and symptoms. The B.E
F.A.S.T. (Balance, Eyes, Face, Arms, Speech, Time) protocol not only delineates common
stroke symptoms, such as face droop, unilateral arm weakness and speech difficulties, but
also stresses the importance of prompt treatment. Pediatric stroke requires the same urgency
but lacks similar protocols for universal recognition. Focal weakness and limb and face
weakness can be presentations of pediatric AIS [31]. However, the hallmark sign of stroke,
acute hemiparesis, is common only in older pediatric patients [32]. Seizures are the primary
presenting symptom for younger children, while nonspecific symptoms such as fever,
nausea/vomiting, headache and cardio-pulmonary dysfunction permeate all pediatric
patients [32]. The lack of specific symptoms makes recognition more difficult. In addition,
a broad differential diagnosis for hemiparesis adds to the complexity of diagnosis in
pediatric stroke, as there are many stroke-mimicking disorders. Nearly 21–76% of children
with acute-onset focal neurological deficits are found to have migraines, focal seizures,
demyelinating diseases, conversion disorders and central nervous system tumors, among
other possible diagnoses [33]. The rarity of pediatric AIS and subsequent lack of clinical
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suspicion can delay diagnosis [34]; however, due to its urgent treatment requirements, AIS
should be considered in a differential diagnosis for acute-onset neurologic deficit [34].

In a pediatric patient presenting with stroke-like symptoms, magnetic resonance
imaging (MRI) is the preferential imaging modality; however, there are challenges to
obtaining them in the pediatric population [31]. High-quality scans can be difficult to
achieve in children without sedation because of movement artifacts from restlessness in
MRI scanners [35].

Perinatal AIS in the neonatal period is managed with supportive measures, including
oxygenation and managing dehydration and anemia [36]. Aspirin and anticoagulation are
often not pursued due to the low risk of recurrence of neonatal AIS, though these treatments
are considered when AIS is due to cardiac disease [37,38]. Additionally, thrombolytics and
mechanical thrombectomy are often not considered in neonates following AIS due to the
lack of evidence and small size of neonatal arteries [36,39].

Management of childhood AIS includes strategies targeted towards hypertension,
hypotension, hyperglycemia, fever, cerebral swelling and seizures. Acute treatment of
childhood AIS focuses on neuroprotective management by maintaining cerebral perfusion
and reducing metabolic demand from fevers and seizures [4]. Acute treatment with IV
tissue plasminogen activator (tPA) and revascularization are revolutionary in the manage-
ment of adult AIS, though evidence is lacking in terms of translating this care to children.
The Thrombolysis in Pediatric Stroke (TIPS) trial offered potential criteria to safely utilize
tPA in children, but these criteria have not been widely accepted [4,40]. The hallmarks
of both acute and chronic therapies include anticoagulation and antiplatelet medications.
Controversy exists in the literature, however, regarding the optimal treatment. This is in
part due to the low risk of bleeding in pediatric AIS, while monitoring the risk of acute
hemorrhagic conversion and acknowledging the prominent risk of pediatric AIS recur-
rence [41,42]. In cases of pediatric AIS with a specific disease etiology, management specific
to each disease should be considered, i.e., chronic transfusions in SCD.

3. Etiology and Epidemiology of Hemorrhagic Stroke

Hemorrhagic stroke accounts for 35–54% of all childhood stroke [7,43–45]. This con-
trasts with its incidence in adults, where hemorrhagic stroke only accounts for 7.5–19%
of all strokes [46–48]. As previously described, while there are widespread protocols for
adult stroke recognition and management, there is a lack of any similar stroke protocols
for the pediatric population. This, among other reasons, may contribute to the increased
mortality rate of pediatric hemorrhagic stroke, which can be as high as 54% compared
to 18–35% in adults [49,50]. Among the causes of hemorrhagic stroke, one study found
that 13% of patients were found to have an underlying cerebral aneurysm, 31% had brain
arteriovenous malformations, 2.5% had brain tumors, 25% had an undetermined etiology,
and 28.5% had other medial and anatomical etiologies (Figure 1) [51].

Figure 1. Graph showing the commonality of the different causes of hemorrhagic stroke in pediatric
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populations. A total of 31% of patients had brain arteriovenous malformations, 13% had a cerebral
aneurysm, 2.5% had brain tumors, 25% had an undetermined etiology, and 28.5% had other medial
and anatomical etiologies.

4. Presentation, Symptomatology and Management

The presentation of hemorrhagic stroke will not differ greatly from AIS, and it requires
a similar workup. A computed tomography (CT) head scan may be very useful as a
diagnostic tool. In addition to a head CT, MRI, specifically both gradient recall echo (GRE)
and susceptibility-weighted imaging (SWI), can be used.

While these methods have not been studied in a pediatric stroke population, these
MRI sequences are just as sensitive as CT images for detecting blood in adults with this
disorder [52]. Given that almost half of hemorrhagic strokes are due to vascular issues, a
complete MRI study, including magnetic resonance angiography and venography (MRA,
MRV), can be obtained, when possible, in order to look for additional abnormalities or other
causes. Management of hemorrhagic stroke varies and depends on the type and severity of
the hemorrhage. In a recent study, 48% of patients were treated with medications, and 45%
of patients received surgical intervention, with 32% receiving both medications and surgical
intervention and 22% of patients receiving neither medications nor surgical intervention.
A total of 19% of the patients in this study were intubated and treated in the intensive
care unit (ICU) [31]. Patients with an altered mental status should be monitored in the
ICU with an intracranial device, while alert patients can be monitored in a less invasive
fashion. Neurological exams should be performed often to evaluate the patient for signs
of increased intracranial pressure or herniation of the brain. Vital signs should be kept
within appropriate limits for the patient’s age [44]. Surgical intervention may be needed in
some patients. Surgical intervention for hemorrhagic stroke may include decompressive
craniectomy, resection of an arteriovenous malformation with or without placement of an
extracranial drain, and endovascular procedures to treat intracranial aneurysms. Medi-
cations used to treat hemorrhagic stroke revolve around symptom management, such as
antiepileptics and NSAIDs. Endovascular treatment of intracranial aneurysms has grown
in popularity. This is in contrast with surgical treatment, which has been performed at a
similar rate to historical trends [53].

5. Etiology and Epidemiology of Craniocervical Arterial Dissection

Craniocervical arterial dissection is a known cause of pediatric stroke that has been
documented in case reports as early as 1974 [54]. Today, it occurs in 2.5 children per
100,000 annually; however, it accounts for 5–25% of all acute ischemic strokes in the
pediatric population [55,56]. There is a significant risk of recurrence if it is left untreated,
so if there is a clinical suspicion of AIS due to dissection, proper investigation is required.
Children with predisposing factors such as genetic or acquired connective tissue disorders
(e.g., copper deficiency) may be more susceptible to dissection; however, the absence of
these risks does not rule out the possibility of an ensuing vascular insult [54,57]. The risk of
dissection due to connective tissue disorders such as Marfan’s and Ehler–Danlos syndrome
is not well elucidated, but it is not negligible and can lead to multiple dissections [58]. The
male gender is also a reported risk factor for AIS from craniocervical arterial dissection [57].

Dissections can be traumatic or spontaneous in nature. The pediatric population is at
serious risk of traumatic injury, which is the leading cause of mortality and morbidity of
children in the United States [59], and dissection is an under-recognized consequence of
trauma [1,56]. Many of the head and neck injuries that precede dissections are mechanical or
penetrating [56]. However, whiplash injuries are another mechanism by which dissections
can occur—there have been some reports of strokes in children after amusement park
rides [60]. Additionally, while adult dissections are nearly all traumatic in nature, there is in
children a substantial incidence of spontaneous dissections without preceding trauma [58].
Approximately 5–20% of children with a spontaneous dissection have an underlying
connective tissue or genetic disorder, or bony or vascular anatomic variations [56]. Most
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spontaneous dissections occur in the anterior circulation vessels, and cases involving the
posterior circulation are more likely to be traumatic [58].

6. Presentation, Symptomatology and Management

Dissection in the pediatric population most commonly affects extracranial vessels,
specifically the vertebral artery and posterior circulation; this is the reverse of trends in
the adult population, where carotid dissections are more prevalent than vertebrobasi-
lar ones [56,61,62]. Posterior circulation dissections present with nonspecific symptoms,
including headache, dizziness, vomiting, gait disturbances, altered consciousness and
double vision [56]. Anterior circulation dissections tend to present with hemiparesis, facial
weakness, speech difficulty and seizures [56,57].

An even rarer subtype of vertebral artery dissection is vertebral artery dissecting
aneurysm (VADA). Some congenital cervical anomalies may confer an additional risk of
developing VADA, such as in patients with pediatric bowhunter syndrome or rotational
vertebral artery compression [63]. VADAs are associated with a worse prognosis [63].
In the pediatric population, the literature on the incidence and cause of these dissecting
aneurysms is scarce, but they are linked to prior traumatic injury. The presentation is that
of a posterior circulation stroke, and management is challenging.

An early and accurate diagnosis of craniocervical arterial dissection is imperative,
because if left undiscovered, there is an appreciable risk of recurrence. A recent study by
Uohara and colleagues [61] investigated the difference in the recurrence rate of anterior
versus posterior circulation stroke in the pediatric population. The results showed that at
3 years, the recurrence rate was 19% in children with posterior circulation stroke and 4%
in anterior circulation stroke [61]. Within their cohort, 20.8% of children with dissections
had stroke recurrence, which is a significantly higher figure than the rate seen in the
adult population. Additionally, long-term effects of strokes in children are significant, and
up to 75% of children affected by stroke can experience lasting neurological deficits [58].
This may be linked to misdiagnosis or an unidentified etiology. An extensive workup,
increased monitoring and greater frequency of serial imaging may be warranted, especially
in children with posterior circulation strokes [61].

A confirmed diagnosis of dissection requires angiography and prompt treatment that
may include antithrombotic or antiplatelet therapy, hard collars for neck stabilization,
and surgery if the etiology is deemed anatomic. [63]. A non-invasive and non-radiating
imaging modality is preferable, given the population [58]. Comprehensive first-line imaging
recommendations in the workup of pediatric stroke include MRI and MRA with diffusion
weighted imaging (DWI), fluid-attenuated inversion recovery (FLAIR), SWI, and MRA of
the head and neck [55]. Vertebral artery compression at the level of C1 and C2 vertebrae
during head rotation is a risk factor for dissection, so some studies recommend that dynamic
imaging be performed [64]. CASCADE and the Pediatric Stroke Study determined that the
presence of one of any three specific findings on angiography could confirm the diagnosis
of dissection [56,57], and this is outlined in Table 3, adapted from papers by Nash et al. [56]
and Stence et al. [57].

Table 3. Imaging characteristics of confirmed diagnosis of arterial dissection in pediatrics. Dissection
can present in a multitude of ways, and the presence of any one of these findings on angiography
represents the occurrence of a dissection.

Diagnostic Confirmation of Pediatric Craniocervical Arterial Dissection

Double lumen, intimal flap, or
pseudoaneurysm identified on

angiography, or intramural hematoma
(“bright crescent sign”) identified in the

arterial wall on axial T1 fat-saturated MRI

Angiographic segmental stenosis or
occluded cervical arteries preceded by

cervical or cranial trauma, neck pain, or
headache <6 weeks prior

Segmental stenosis or occlusion of the
vertebral artery occlusion at the level of

C2 vertebral body (with or without
known history of trauma)
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Although neck MRA is part of some stroke protocols, Baltensperger et al. [55] found
that its utility may be limited. In a series of 681 patients, all of whom underwent neck
MRA in addition to DWI, SWI, and circle of Willis MRA, there was only a single case
where a cervical abnormality was reported, with all other findings being normal. Given
this low yield, they suggest that neck MRA is not necessary as part of a routine pediatric
stroke imaging protocol and may be reserved for patients with suspected vertebral artery
dissection and posterior circulation stroke [55].

MRA is highly sensitive, but there are instances where MRA is deficient and cannot
identify arterial dissections that were confirmed with digital subtraction angiography [65].
A recent study investigated the utility of arterial wall imaging (AWI) in recognizing and
differentiating arteriopathic subtypes in children with arterial ischemic stroke [65]. Their
findings suggested that AWI may be useful following abnormal vascular findings identified
on standard imaging like MRA. They identified trends towards specific enhancing patterns
in different AIS etiologies, but further studies are needed to identify the true utility of this
imaging modality [65].

In adult stroke patients, abundant randomized clinical trials have produced robust
evidence to support well-established guidelines for management; this is not the case in
the pediatric population [66]. Standardized treatment recommendations are limited by
a lack of evidence, and the latest guidelines from the 2008 American Heart Association
(AHA) and American Stroke association management guidelines for children suggest intra-
venous anticoagulation for 3 to 6 months bridged to oral anticoagulation in patients with
extracranial dissection; furthermore, treatment with anticoagulation is not recommended
for intracranial dissections [56]. Further studies are needed. The AHA has also suggested
that the decision to use thrombectomy in children can follow adult parameters; however, to
date, no thrombectomy trials have included individuals under the age of 18 [66]. Therefore,
the role of endovascular therapy and its true benefits are unclear [66].

7. Conclusions

Overall, stroke in the pediatric population has a lower incidence than in adults, but
it represents an important pathology that is associated with significant mortality and
morbidity. Neurologic impairments as a consequence of ischemic and hemorrhagic stroke
can be devastating in children due to the effects on the quality of life across the inherently
increased lifespan in this population compared to adults. Because of the abundance of
stroke-mimicking disorders, the non-pathognomonic presentation and variable symptoms,
stroke in pediatrics is frequently misdiagnosed due to a lack of clinical suspicion. The
severity of this pathology warrants greater attention and investigation, and standardized
protocols, equivalent to those that exist for stroke in adults, should be established.
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Biomedicines 2023, 11, 2 8 of 10

VADA Diffusion weighted imaging, DWI Fluid attenuated inversion recovery, FLAIR Arterial wall
imaging, AWI, American Heart Association, AHA.

References
1. Tsze, D.S.; Valente, J.H. Pediatric stroke: A review. Emerg. Med. Int. 2011, 2011, 734506. [CrossRef] [PubMed]
2. Chung, B.; Wong, V. Pediatric stroke among Hong Kong Chinese subjects. Pediatrics 2004, 114, e206–e212. [CrossRef] [PubMed]
3. Lee, K.L.; Tseng, Y.C.; Yang, S.T.; Kuo, Y.T. Uncommon pediatric stroke caused by MCA dissection presenting as initial loss of

consciousness. Pediatr. Neonatol. 2018, 59, 634–635. [CrossRef] [PubMed]
4. Felling, R.J.; Sun, L.R.; Maxwell, E.C.; Goldenberg, N.; Bernard, T. Pediatric arterial ischemic stroke: Epidemiology, risk factors,

and management. Blood Cells Mol. Dis. 2017, 67, 23–33. [CrossRef] [PubMed]
5. Gabis, L.V.; Yangala, R.; Lenn, N.J. Time lag to diagnosis of stroke in children. Pediatrics 2002, 110, 924–928. [CrossRef]
6. Rafay, M.F.; Pontigon, A.-M.; Chiang, J.; Adams, M.; Jarvis, D.A.; Silver, F.; MacGregor, D.; Deveber, G.A. Delay to diagnosis in

acute pediatric arterial ischemic stroke. Stroke 2009, 40, 58–64. [CrossRef]
7. Fullerton, H.J.; Wu, Y.W.; Zhao, S.; Johnston, S.C. Risk of stroke in children: Ethnic and gender disparities. Neurology 2003,

61, 189–194. [CrossRef]
8. Grunt, S.; Mazenauer, L.; Buerki, S.E.; Boltshauser, E.; Mori, A.C.; Datta, A.N.; Fluss, J.; Mercati, D.; Keller, E.; Maier, O. Incidence

and outcomes of symptomatic neonatal arterial ischemic stroke. Pediatrics 2015, 135, e1220–e1228. [CrossRef]
9. Lehman, L.L.; Rivkin, M.J. Perinatal arterial ischemic stroke: Presentation, risk factors, evaluation, and outcome. Pediatr. Neurol.

2014, 51, 760–768. [CrossRef]
10. Bernard, T.J.; Manco-Johnson, M.J.; Lo, W.; MacKay, M.T.; Ganesan, V.; DeVeber, G.; Goldenberg, N.A.; Armstrong-Wells,

J.; Dowling, M.M.; Roach, E.S. Towards a consensus-based classification of childhood arterial ischemic stroke. Stroke 2012,
43, 371–377. [CrossRef]

11. Bohmer, M.; Niederstadt, T.; Heindel, W.; Wildgruber, M.; Strater, R.; Hanning, U.; Kemmling, A.; Sporns, P.B. Impact of
Childhood Arterial Ischemic Stroke Standardized Classification and Diagnostic Evaluation Classification on Further Course of
Arteriopathy and Recurrence of Childhood Stroke. Stroke 2019, 50, 83–87. [CrossRef]

12. Ganesan, V.; Prengler, M.; McShane, M.A.; Wade, A.M.; Kirkham, F.J. Investigation of risk factors in children with arterial ischemic
stroke. Ann. Neurol. Off. J. Am. Neurol. Assoc. Child Neurol. Soc. 2003, 53, 167–173. [CrossRef]

13. Wintermark, M.; Hills, N.K.; DeVeber, G.A.; Barkovich, A.J.; Elkind, M.S.; Sear, K.; Zhu, G.; Leiva-Salinas, C.; Hou, Q.; Dowling,
M.M. Arteriopathy diagnosis in childhood arterial ischemic stroke: Results of the vascular effects of infection in pediatric stroke
study. Stroke 2014, 45, 3597–3605. [CrossRef]

14. Chabrier, S.; Rodesch, G.; Lasjaunias, P.; Tardieu, M.; Landrieu, P.; Sébire, G. Transient cerebral arteriopathy: A disorder recognized
by serial angiograms in children with stroke. J. Child Neurol. 1998, 13, 27–32. [CrossRef]

15. Daniels, S.; Bates, S.; Lukin, R.; Benton, C.; Third, J.; Glueck, C. Cerebrovascular arteriopathy (arteriosclerosis) and ischemic
childhood stroke. Stroke 1982, 13, 360–365. [CrossRef]

16. Lanthier, S.; Armstrong, D.; Domi, T.; deVeber, G. Post-varicella arteriopathy of childhood: Natural history of vascular stenosis.
Neurology 2005, 64, 660–663. [CrossRef]

17. Elkind, M.S.; Hills, N.K.; Glaser, C.A.; Lo, W.D.; Amlie-Lefond, C.; Dlamini, N.; Kneen, R.; Hod, E.A.; Wintermark, M.; deVeber,
G.A. Herpesvirus infections and childhood arterial ischemic stroke: Results of the VIPS study. Circulation 2016, 133, 732–741.
[CrossRef]

18. Fullerton, H.J.; Hills, N.K.; Elkind, M.S.; Dowling, M.M.; Wintermark, M.; Glaser, C.A.; Tan, M.; Rivkin, M.J.; Titomanlio,
L.; Barkovich, A.J. Infection, vaccination, and childhood arterial ischemic stroke: Results of the VIPS study. Neurology 2015,
85, 1459–1466. [CrossRef]

19. Bertamino, M.; Severino, M.; Grossi, A.; Rusmini, M.; Tortora, D.; Gandolfo, C.; Pederzoli, S.; Malattia, C.; Picco, P.; Striano, P.;
et al. ABCC6 mutations and early onset stroke: Two cases of a typical Pseudoxanthoma Elasticum. Eur. J. Paediatr. Neurol. 2018,
22, 725–728. [CrossRef]

20. Mackay, M.T.; Wiznitzer, M.; Benedict, S.L.; Lee, K.J.; Deveber, G.A.; Ganesan, V.; Group, I.P.S.S. Arterial ischemic stroke risk
factors: The International Pediatric Stroke Study. Ann. Neurol. 2011, 69, 130–140. [CrossRef]

21. Hoffman, J.L.; Mack, G.K.; Minich, L.L.; Benedict, S.L.; Heywood, M.; Stoddard, G.J.; Saarel, E.V. Failure to impact prevalence
of arterial ischemic stroke in pediatric cardiac patients over three decades. Congenit. Heart Dis. 2011, 6, 211–218. [CrossRef]
[PubMed]

22. Dowling, M.M.; Hynan, L.S.; Lo, W.; Licht, D.J.; McClure, C.; Yager, J.Y.; Dlamini, N.; Kirkham, F.J.; Deveber, G.; Pavlakis, S.
International Paediatric Stroke Study: Stroke associated with cardiac disorders. Int. J. Stroke 2013, 8, 39–44. [CrossRef] [PubMed]

23. Fox, C.K.; Sidney, S.; Fullerton, H.J. Community-based case–control study of childhood stroke risk associated with congenital
heart disease. Stroke 2015, 46, 336–340. [CrossRef] [PubMed]

24. Rodan, L.; McCrindle, B.W.; Manlhiot, C.; MacGregor, D.L.; Askalan, R.; Moharir, M.; Deveber, G. Stroke recurrence in children
with congenital heart disease. Ann. Neurol. 2012, 72, 103–111. [CrossRef] [PubMed]

25. Khan, R.; Chan, A.K.; Mondal, T.K.; Paes, B.A. Thrombosis, and G. Hemostasis in Newborns, Patent foramen ovale and stroke in
childhood: A systematic review of the literature. Eur. J. Paediatr. Neurol. 2016, 20, 500–511. [CrossRef]

http://doi.org/10.1155/2011/734506
http://www.ncbi.nlm.nih.gov/pubmed/22254140
http://doi.org/10.1542/peds.114.2.e206
http://www.ncbi.nlm.nih.gov/pubmed/15286258
http://doi.org/10.1016/j.pedneo.2018.04.012
http://www.ncbi.nlm.nih.gov/pubmed/29807725
http://doi.org/10.1016/j.bcmd.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28336156
http://doi.org/10.1542/peds.110.5.924
http://doi.org/10.1161/STROKEAHA.108.519066
http://doi.org/10.1212/01.WNL.0000078894.79866.95
http://doi.org/10.1542/peds.2014-1520
http://doi.org/10.1016/j.pediatrneurol.2014.07.031
http://doi.org/10.1161/STROKEAHA.111.624585
http://doi.org/10.1161/STROKEAHA.118.023060
http://doi.org/10.1002/ana.10423
http://doi.org/10.1161/STROKEAHA.114.007404
http://doi.org/10.1177/088307389801300105
http://doi.org/10.1161/01.STR.13.3.360
http://doi.org/10.1212/01.WNL.0000151851.66154.27
http://doi.org/10.1161/CIRCULATIONAHA.115.018595
http://doi.org/10.1212/WNL.0000000000002065
http://doi.org/10.1016/j.ejpn.2018.04.002
http://doi.org/10.1002/ana.22224
http://doi.org/10.1111/j.1747-0803.2011.00510.x
http://www.ncbi.nlm.nih.gov/pubmed/21450034
http://doi.org/10.1111/j.1747-4949.2012.00925.x
http://www.ncbi.nlm.nih.gov/pubmed/23231361
http://doi.org/10.1161/STROKEAHA.114.007218
http://www.ncbi.nlm.nih.gov/pubmed/25516197
http://doi.org/10.1002/ana.23574
http://www.ncbi.nlm.nih.gov/pubmed/22829272
http://doi.org/10.1016/j.ejpn.2016.04.012


Biomedicines 2023, 11, 2 9 of 10

26. Adams, R.J.; McKie, V.C.; Hsu, L.; Files, B.; Vichinsky, E.; Pegelow, C.; Abboud, M.; Gallagher, D.; Kutlar, A.; Nichols, F.T.
Prevention of a first stroke by transfusions in children with sickle cell anemia and abnormal results on transcranial Doppler
ultrasonography. New Engl. J. Med. 1998, 339, 5–11. [CrossRef]

27. Armstrong-Wells, J.; Grimes, B.; Sidney, S.; Kronish, D.; Shiboski, S.; Adams, R.; Fullerton, H. Utilization of TCD screening for
primary stroke prevention in children with sickle cell disease. Neurology 2009, 72, 1316–1321. [CrossRef]

28. Hankey, G.J.; Eikelboom, J.W.; van Bockxmeer, F.M.; Lofthouse, E.; Staples, N.; Baker, R.I. Inherited thrombophilia in ischemic
stroke and its pathogenic subtypes. Stroke 2001, 32, 1793–1799. [CrossRef]

29. Haywood, S.; Liesner, R.; Pindora, S.; Ganesan, V. Thrombophilia and first arterial ischaemic stroke: A systematic review.
Arch. Dis. Child. 2005, 90, 402–405. [CrossRef]

30. Kenet, G.; Lütkhoff, L.K.; Albisetti, M.; Bernard, T.; Bonduel, M.; Brandao, L.; Chabrier, S.; Chan, A.; Deveber, G.; Fiedler, B.
Impact of thrombophilia on risk of arterial ischemic stroke or cerebral sinovenous thrombosis in neonates and children: A
sytematic review and meta-analysis of observational studies. Circulation 2010, 121, 1838–1847. [CrossRef]

31. Yock-Corrales, A.; Mackay, M.T.; Mosley, I.; Maixner, W.; Babl, F.E. Acute childhood arterial ischemic and hemorrhagic stroke in
the emergency department. Ann. Emerg. Med. 2011, 58, 156–163. [CrossRef]

32. deVeber, G.A.; Kirton, A.; Booth, F.A.; Yager, J.Y.; Wirrell, E.C.; Wood, E.; Shevell, M.; Surmava, A.M.; McCusker, P.; Massicotte,
M.P.; et al. Epidemiology and Outcomes of Arterial Ischemic Stroke in Children: The Canadian Pediatric Ischemic Stroke Registry.
Pediatr. Neurol. 2017, 69, 58–70. [CrossRef]

33. Lehman, L.L.; Beslow, L.A.; Steinlin, M.; Kossorotoff, M.; Mackay, M.T. What Will Improve Pediatric Acute Stroke Care? Stroke
2019, 50, 249–256. [CrossRef]

34. Ndondo, A.P.; Hammond, C.K. Management of Pediatric Stroke-Challenges and Perspectives from Resource-limited Settings.
Semin. Pediatr. Neurol. 2022, 44, 100996. [CrossRef]

35. Barkovich, M.J.; Li, Y.; Desikan, R.S.; Barkovich, A.J.; Xu, D. Challenges in pediatric neuroimaging. Neuroimage 2019, 185, 793–801.
[CrossRef]

36. Rivkin, M.J.; Bernard, T.J.; Dowling, M.M.; Amlie-Lefond, C. Guidelines for urgent management of stroke in children. Pediatr.
Neurol. 2016, 56, 8–17. [CrossRef]

37. Giglia, T.M.; Massicotte, M.P.; Tweddell, J.S.; Barst, R.J.; Bauman, M.; Erickson, C.C.; Feltes, T.F.; Foster, E.; Hinoki, K.; Ichord, R.N.
Prevention and treatment of thrombosis in pediatric and congenital heart disease: A scientific statement from the American Heart
Association. Circulation 2013, 128, 2622–2703. [CrossRef]

38. Roach, E.S.; Golomb, M.R.; Adams, R.; Biller, J.; Daniels, S.; Deveber, G.; Ferriero, D.; Jones, B.V.; Kirkham, F.J.; Scott, R.M.
Management of stroke in infants and children: A scientific statement from a Special Writing Group of the American Heart
Association Stroke Council and the Council on Cardiovascular Disease in the Young. Stroke 2008, 39, 2644–2691. [CrossRef]

39. Ferriero, D.M.; Fullerton, H.J.; Bernard, T.J.; Billinghurst, L.; Daniels, S.R.; DeBaun, M.R.; deVeber, G.; Ichord, R.N.; Jordan,
L.C.; Massicotte, P.; et al. Management of Stroke in Neonates and Children: A Scientific Statement from the American Heart
Association/American Stroke Association. Stroke 2019, 50, e51–e96. [CrossRef]

40. Rivkin, M.J.; deVeber, G.; Ichord, R.N.; Kirton, A.; Chan, A.K.; Hovinga, C.A.; Gill, J.C.; Szabo, A.; Hill, M.D.; Scholz, K.
Thrombolysis in pediatric stroke study. Stroke 2015, 46, 880–885. [CrossRef]

41. Bernard, T.J.; Goldenberg, N.A.; Tripputi, M.; Manco-Johnson, M.J.; Niederstadt, T.; Nowak-Göttl, U. Anticoagulation in
childhood-onset arterial ischemic stroke with nonmoyamoya arteriopathy: Findings from the Colorado and German (COAG)
collaboration. Stroke 2009, 40, 2869–2871. [CrossRef] [PubMed]

42. Goldenberg, N.A.; Bernard, T.J.; Fullerton, H.J.; Gordon, A.; deVeber, G.; Group, I.P.S.S. Antithrombotic treatments, outcomes,
and prognostic factors in acute childhood-onset arterial ischaemic stroke: A multicentre, observational, cohort study. Lancet
Neurol. 2009, 8, 1120–1127. [CrossRef] [PubMed]

43. Perkins, E.; Stephens, J.; Xiang, H.; Lo, W. The cost of pediatric stroke acute care in the United States. Stroke 2009, 40, 2820–2827.
[CrossRef] [PubMed]

44. Fullerton, H.J.; Wu, Y.W.; Sidney, S.; Johnston, S.C. Recurrent hemorrhagic stroke in children: A population-based cohort study.
Stroke 2007, 38, 2658–2662. [CrossRef] [PubMed]

45. Fullerton, H.J.; Wu, Y.W.; Sidney, S.; Johnston, S.C. Risk of recurrent childhood arterial ischemic stroke in a population-based
cohort: The importance of cerebrovascular imaging. Pediatrics 2007, 119, 495–501. [CrossRef]

46. Rothwell, P.M.; Coull, A.J.; Giles, M.F.; Howard, S.C.; Silver, L.E.; Bull, L.M.; Gutnikov, S.A.; Edwards, P.; Mant, D.;
Sackley, C.M.; et al. Change in stroke incidence, mortality, case-fatality, severity, and risk factors in Oxfordshire, UK from 1981 to
2004 (Oxford Vascular Study). Lancet 2004, 363, 1925–1933. [CrossRef]

47. Qureshi, A.I.; Suri, M.F.; Nasar, A.; Kirmani, J.F.; Ezzeddine, M.A.; Divani, A.A.; Giles, W.H. Changes in cost and outcome among
US patients with stroke hospitalized in 1990 to 1991 and those hospitalized in 2000 to 2001. Stroke 2007, 38, 2180–2184. [CrossRef]

48. Feigin, V.L.; Lawes, C.M.; Bennett, D.A.; Anderson, C.S. Stroke epidemiology: A review of population-based studies of incidence,
prevalence, and case-fatality in the late 20th century. Lancet Neurol. 2003, 2, 43–53. [CrossRef]

49. Greenham, M.; Gordon, A.; Anderson, V.; Mackay, M.T. Outcome in Childhood Stroke. Stroke 2016, 47, 1159–1164. [CrossRef]
50. Grysiewicz, R.A.; Thomas, K.; Pandey, D.K. Epidemiology of ischemic and hemorrhagic stroke: Incidence, prevalence, mortality,

and risk factors. Neurol. Clin. 2008, 26, 871–895. [CrossRef]

http://doi.org/10.1056/NEJM199807023390102
http://doi.org/10.1212/WNL.0b013e3181a110da
http://doi.org/10.1161/01.STR.32.8.1793
http://doi.org/10.1136/adc.2004.049163
http://doi.org/10.1161/CIRCULATIONAHA.109.913673
http://doi.org/10.1016/j.annemergmed.2010.10.013
http://doi.org/10.1016/j.pediatrneurol.2017.01.016
http://doi.org/10.1161/STROKEAHA.118.022881
http://doi.org/10.1016/j.spen.2022.100996
http://doi.org/10.1016/j.neuroimage.2018.04.044
http://doi.org/10.1016/j.pediatrneurol.2016.01.016
http://doi.org/10.1161/01.cir.0000436140.77832.7a
http://doi.org/10.1161/STROKEAHA.108.189696
http://doi.org/10.1161/STR.0000000000000183
http://doi.org/10.1161/STROKEAHA.114.008210
http://doi.org/10.1161/STROKEAHA.109.550699
http://www.ncbi.nlm.nih.gov/pubmed/19478216
http://doi.org/10.1016/S1474-4422(09)70241-8
http://www.ncbi.nlm.nih.gov/pubmed/19801204
http://doi.org/10.1161/STROKEAHA.109.548156
http://www.ncbi.nlm.nih.gov/pubmed/19590056
http://doi.org/10.1161/STROKEAHA.107.481895
http://www.ncbi.nlm.nih.gov/pubmed/17761928
http://doi.org/10.1542/peds.2006-2791
http://doi.org/10.1016/S0140-6736(04)16405-2
http://doi.org/10.1161/STROKEAHA.106.467506
http://doi.org/10.1016/S1474-4422(03)00266-7
http://doi.org/10.1161/STROKEAHA.115.011622
http://doi.org/10.1016/j.ncl.2008.07.003


Biomedicines 2023, 11, 2 10 of 10

51. Jordan, L.C.; Johnston, S.C.; Wu, Y.W.; Sidney, S.; Fullerton, H.J. The importance of cerebral aneurysms in childhood hemorrhagic
stroke: A population-based study. Stroke 2009, 40, 400–405. [CrossRef]

52. Kidwell, C.S.; Chalela, J.A.; Saver, J.L.; Starkman, S.; Hill, M.D.; Demchuk, A.M.; Butman, J.A.; Patronas, N.; Alger, J.R.; Latour,
L.L.; et al. Comparison of MRI and CT for detection of acute intracerebral hemorrhage. JAMA 2004, 292, 1823–1830. [CrossRef]

53. Vasan, R.; Patel, J.; Sweeney, J.M.; Carpenter, A.M.; Downes, K.; Youssef, A.S.; van Loveren, H.; Agazzi, S. Pediatric intracranial
aneurysms: Current national trends in patient management and treatment. Childs Nerv. Syst. 2013, 29, 451–456. [CrossRef]

54. Adelman, L.S.; Doe, F.D.; Sarnat, H.B. Bilateral dissecting aneurysms of the internal carotid arteries. Acta Neuropathol. 1974,
29, 93–97. [CrossRef]

55. Baltensperger, A.; Mirsky, D.; Maloney, J.; Neuberger, I.; Fenton, L.; Bernard, T.; Borgstede, J.; Stence, N. Cost and Utility of Routine
Contrast-Enhanced Neck MRA in a Pediatric MRI Stroke Evaluation Protocol. AJNR Am. J. Neuroradiol. 2019, 40, 2143–2145.
[CrossRef]

56. Nash, M.; Rafay, M.F. Craniocervical Arterial Dissection in Children: Pathophysiology and Management. Pediatr. Neurol. 2019,
95, 9–18. [CrossRef]

57. Stence, N.V.; Fenton, L.Z.; Goldenberg, N.A.; Armstrong-Wells, J.; Bernard, T.J. Craniocervical arterial dissection in children:
Diagnosis and treatment. Curr. Treat Options Neurol. 2011, 13, 636–648. [CrossRef]

58. Pizzatto, R.; Resende, L.L.; Lobo, C.F.T.; Neves, Y.C.S.; Paz, J.A.D.; Alves, C.A.P.F.; Leite, C.D.C.; Lucato, L.T. Arteriopathy in
pediatric stroke: An underestimated clinical entity. Arq. Neuropsiquiatr. 2021, 79, 321–333. [CrossRef]

59. Hannon, M.M.; Middelberg, L.K.; Lee, L.K. The Initial Approach to the Multisystem Pediatric Trauma Patient. Pediatr. Emerg.
Care 2022, 38, 290–298. [CrossRef]

60. Baumgartle, A.; Wolfe, L.; Puri, V.; Moeller, K.; Bertolone, S.; Raj, A. Middle Cerebral Artery Stroke as Amusement Park Injury:
Case Report and Review of the Literature. Children 2017, 4, 64. [CrossRef]

61. Uohara, M.Y.; Beslow, L.A.; Billinghurst, L.; Jones, B.M.; Kessler, S.K.; Licht, D.J.; Ichord, R.N. Incidence of Recurrence in Posterior
Circulation Childhood Arterial Ischemic Stroke. JAMA Neurol. 2017, 74, 316–323. [CrossRef] [PubMed]

62. McCrea, N.; Saunders, D.; Bagkeris, E.; Chitre, M.; Ganesan, V. Diagnosis of vertebral artery dissection in childhood posterior
circulation arterial ischaemic stroke. Dev. Med. Child Neurol. 2016, 58, 63–69. [CrossRef] [PubMed]

63. Ritchey, Z.; Bernard, T.J.; Fenton, L.Z.; Maloney, J.A.; Mirsky, D.M.; Neuberger, I.; Sriram, I.; Seinfeld, J.; Stence, N.V. Stroke
Recurrence in Children with Vertebral Artery Dissecting Aneurysm. AJNR Am. J. Neuroradiol. 2022, 43, 913–918. [CrossRef]
[PubMed]

64. Rollins, N.; Braga, B.; Hogge, A.; Beavers, S.; Dowling, M. Dynamic Arterial Compression in Pediatric Vertebral Arterial Dissection.
Stroke 2017, 48, 1070–1073. [CrossRef]

65. Dlamini, N.; Yau, I.; Muthusami, P.; Mikulis, D.J.; Elbers, J.; Slim, M.; Askalan, R.; MacGregor, D.; deVeber, G.; Shroff, M.; et al.
Arterial Wall Imaging in Pediatric Stroke. Stroke 2018, 49, 891–898. [CrossRef]

66. Kemple, D.; Knauss, H.; Correa, K.P.; Stolting, A. Pediatric internal carotid artery dissection and stroke after minor head injury.
J. Am. Coll. Emerg. Physicians Open 2021, 2, e12463. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1161/STROKEAHA.108.518761
http://doi.org/10.1001/jama.292.15.1823
http://doi.org/10.1007/s00381-012-1945-z
http://doi.org/10.1007/BF00684768
http://doi.org/10.3174/ajnr.A6315
http://doi.org/10.1016/j.pediatrneurol.2019.01.020
http://doi.org/10.1007/s11940-011-0149-2
http://doi.org/10.1590/0004-282x-anp-2020-0105
http://doi.org/10.1097/PEC.0000000000002722
http://doi.org/10.3390/children4080064
http://doi.org/10.1001/jamaneurol.2016.5166
http://www.ncbi.nlm.nih.gov/pubmed/28114639
http://doi.org/10.1111/dmcn.12945
http://www.ncbi.nlm.nih.gov/pubmed/26502795
http://doi.org/10.3174/ajnr.A7518
http://www.ncbi.nlm.nih.gov/pubmed/35550284
http://doi.org/10.1161/STROKEAHA.116.016236
http://doi.org/10.1161/STROKEAHA.117.019827
http://doi.org/10.1002/emp2.12463

	Introduction 
	Etiology and Epidemiology of Ischemic Stroke 
	Etiology and Epidemiology of Hemorrhagic Stroke 
	Presentation, Symptomatology and Management 
	Etiology and Epidemiology of Craniocervical Arterial Dissection 
	Presentation, Symptomatology and Management 
	Conclusions 
	References

